Abstract: Animal disease is a major threat to the sustainability of the global livestock market. We explore the price risk spillover of avian influenza to the broiler market, from the perspective of public opinion. Unlike in previous work, where avian influenza is measured as a whole, we decompose an avian influenza epidemic into avian influenza outbreak and public opinion, measured by infection cases and Baidu and Google search volume. Theoretically, by introducing the theory of limited attention and two-step flow of communication, we develop an analytical framework to capture the causal mechanism of avian influenza outbreak, public opinion, and broiler price risk spillover, arguing that it is actually public opinion, not avian influenza outbreak alone, that directly causes broiler price risk. Empirically, using a long panel from China spanning from November 2004-November 2017, we examine the causal mechanism and analyse the nonlinear spatial spillover of public opinion to broiler price risk. We find that: (i) neither poultry nor human infection with avian influenza outbreak has a significant spillover to broiler price; (ii) on average, public opinion has a negative spillover to broiler price; in general, spillover of public opinion to broiler price is inverse U-shaped; (iii) on average, public opinion has a negative direct effect on local broiler price and a three times larger negative spatial spillover effect on nearby broiler price; in general, direct and spatial spillover effects are inverse U-shaped. Our research highlights the importance of studying public opinion in amplifying price risk when analysing spillover of animal disease to the global livestock market.
Introduction
Since the beginning of the new century, there has been a constant outbreak of major epidemic animal diseases around the world, such as avian influenza in East Asia in 2004 [1, 2] , swine flu (H1N1) in North America in 2009 [3] and African swine fever in 2018 [4] , which pose a major threat to the sustainability of global livestock and poultry industry safety, food quality safety and public health safety [5] .
Prices in the global poultry market fluctuate greatly and frequently, which means every link of the poultry industry chain face great risks [6] [7] [8] [9] . Avian influenza epidemic is the main cause of price fluctuation in poultry industry chain [10] [11] [12] : (i) in the short-run, when avian influenza epidemic breaks out, the market demand of poultry products becomes insufficient and the market price of poultry drops sharply, resulting in short-run negative price pressure; (ii) while in the long-run, after avian influenza epidemic, the market demand of poultry products recovers and the market price of poultry rises in retaliation, forming a long-run price reversal; (iii) therefore, in general, the market price of poultry tends to be V-shaped [13] .
Public opinion in the era of big data makes global incidents easier for the public to pay attention to and enlarges the impact of incidents [14] . The rapid spread of epidemic information in the full glare of news and social media brings about drastic fluctuations in market prices of poultry products and seriously hinders the sustainable development of global poultry industry [15] . The price risk spillover of an avian influenza epidemic along with public opinion to the poultry market in the age of big data deserves the special attention of global academia and authorities.
In recent years, global researchers have shown an increased interest in the spillover of an avian influenza epidemic to poultry price risk, where we restrict our attention to the literature on the measurement, theory and empirical analysis of the price risk spillover of avian influenza to the global poultry market, which will be discussed below.
First, in measurement, there are two types of indicators of an avian influenza epidemic-objective indicators and subjective indicators: (i) Objective indicators: Huang and Wang [16] use no. of avian influenza cases to evaluate the economic impact of an avian influenza epidemic on broiler industry in China; Liu and Lu [17] use no. of poultry destroyed to analyse farmers' productive recovery behaviour in avian-infected area under the shocks of avian influenza; and Zhou and Liu [18] use dummies for poultry infection and human infection with avian influenza cases, respectively, to analyse vertical and horizontal transmission of broiler industry price under avian influenza risk; (ii) Subjective indicators: Hassouneh et al. [12] use the avian influenza food scare information index to reflect consumer awareness of the crisis, so as to analyse the impact of an avian influenza epidemic on vertical price transmission in the Egyptian poultry sector; Mutlu, Serra and Gil [19] use an avian influenza information index variable to determine regime-switching, so as to analyse the vertical price transmission in the Turkish poultry market under an avian influenza epidemic; Zheng and Ma [20] use the Baidu index to reflect variance and intensity of the epidemic, so as to analyse the dynamic impacts of avian influenza on livestock and poultry prices based on the TVP-VAR model. However, the prior literature in measurement typically measures avian influenza epidemic simply as a whole and does not distinguish between its components (i.e., avian influenza outbreak and public opinion), which may overestimate the impact of avian influenza outbreak and underestimate the impact of public opinion.
Second, in theory, the existing literature focuses mainly on consumers' risk perceptions and behavioural biases. (i) Wang, Weldegebriel and Rayner [21] maintain that the herding effect of the decline in consumer confidence and purchasing behaviour triggers panic in the broiler market and the lack of market demand leads to the decline of broiler market prices; (ii) Turvey et al. [22] maintain that consumers' risk perception [23] of an avian influenza epidemic and the panic emotion it brings have a significant impact on consumers' behaviour; consumers' perception is largely guided by consumers' emotion and the panic emotion will not be eliminated immediately after avian influenza epidemic is relieved; (iii) Zhou and Liu [18] maintain that the occurrence of avian influenza enhances consumers' risk perception of purchasing broiler products, which directly affects consumers' purchase confidence; (iv) Zhou et al. [24] maintain that under the risk of an avian influenza epidemic, panic over the spread of avian influenza and distrust of the government aggravate the deviation between consumers' behaviour and willingness to pay; any information about avian influenza epidemic, whether positive or negative, worsens consumers' behaviour and risk perception. However, the prior literature in theory typically characterizes the price risk spillover of an avian influenza epidemic to poultry market with the risk perceptions and behavioural biases of individual consumers and does not take into account the clustering of consumers' opinion (i.e., public opinion), which may not explain well the sharp decline in poultry price right after intensive news and social media coverage.
Finally, with empirical analysis, previous studies focus mainly on market supply and demand and price transmission and some preliminary studies relate to spatial relationships: (i) Market supply and demand-Huang, Dong and Wang [25] analyse the impact of an avian influenza epidemic on our work complements concurrent research in theory: (iii) Empirically, using a long panel data set covering China's 30 provinces spanning November 2004-November 2017, we derive the baseline model from the analytical framework developed and the theoretical hypotheses formulated, perform the exploratory baseline data analysis and identify the causal mechanism of avian influenza outbreak, public opinion, and broiler price risk spillover; further, we develop 5 types of spatial models based on the baseline model, conduct the exploratory spatial data analysis and analyse the nonlinear spatial spillover of public opinion to broiler price risk; our spatial estimates are robust to alternative spatial weighting matrix and alternative measurement of public opinion; our work complements concurrent research in empirical analysis.
We fill the knowledge gaps stated above, theoretically by developing the new analytical framework based on the theory of limited attention and two-step flow of communication, arguing that avian influenza epidemic influences broiler price through actually public opinion on avian influenza during second-step flow of communication, whereas avian influenza outbreak itself does not directly cause broiler price risk; and empirically by documenting four stylized facts: (i) Neither poultry infection nor human infection with avian influenza outbreak has a significant spillover to broiler price; public opinion on avian influenza has a negative spillover to broiler price and the effect size of public opinion on broiler price is 1/4 of the effect size of poultry meat consumption in cities and towns, 1/5 of chick price, 1/10 of live chicken price and 1/3 of pork price; (ii) There is an inverse U-shaped relationship between broiler price and public opinion; mean and median public opinion are both on the right-hand side of the turning point of the inverse U-shape; therefore, on average, public opinion exerts negative price pressure on broiler market and the marginal effect increases; but when public opinion is weaker than the turning point, it increases broiler price instead and the marginal effect decreases; (iii) The spatial coefficients of broiler price are significantly positive, indicating positive spatial clustering of broiler price, implying that the overall price risk of China's broiler market is positively spatially autocorrelated across regions; the temporal coefficients of broiler price are significantly positive, indicating positive temporal path dependence in broiler price; the spatiotemporal coefficients of broiler price are significantly negative, indicating negative spatiotemporal spillover of neighbouring broiler price in the previous period to local broiler price in the current period; (iv) Overall, whether direct or spatial spillover, long-run effects of public opinion on broiler price are larger than short-run effects; on average, public opinion on avian influenza has a negative direct effect on local broiler price and an even larger negative spatial spillover effect on nearby broiler price, which is three times as large as the direct effect; while in general, direct and spatial spillover effects of public opinion on broiler price are all inverse U-shaped.
Our findings are significant in that departing from previous work, we contribute to the literature on the price risk spillover of avian influenza to global poultry market in several ways. (i) In measurement, the existing papers measure avian influenza epidemic as a whole and ignore its components, therefore they actually estimate the mixed effects of an avian influenza epidemic [12, 19] ; whereas we decompose avian influenza epidemic into avian influenza outbreak (incident component) and public opinion on avian influenza (information and communication component) and distinguish between the impacts of these two components, showing that it is actually public opinion, not avian influenza outbreak, that directly broiler price risk, not avian influenza outbreak itself, implying that in the existing literature, the impact of avian influenza outbreak may have been overestimated and the impact of public opinion may have been underestimated in prior work; (ii) In theory, the existing papers characterize the price risk spillover mainly by the theory of individual consumers' risk perceptions and behavioural biases [22, 24] and neglect the clustering of consumers' opinion, thus they may be insufficient to interpret the particular large price risk along with intensive news and social media coverage in the age of big data; whereas we follow Hong and Stein [30] and Li et al. [31] in introducing the theory of limited attention and two-step flow of communication and develop a new analytical framework to capture the causal mechanism, arguing that avian influenza outbreak itself only attracts limited attention if not intensively covered by media, while public opinion on avian influenza attracts excessive attention, which triggers price risk, implying that the role of public opinion in amplifying price risk should not have been ignored when analysing the price risk spillover in prior work. (iii) In empirical analysis, although preliminary empirical evidence attempts to explore the spatial distribution of the impact of avian influenza to broiler market [29, 32, 33] , the existing papers seldom consider the spatial spillover effect of avian influenza on poultry market, which may overlook the spatial relationships between areas; whereas we develop static and dynamic spatial economic models to capture the spatial spillover effects and find that whether short-run or long-run, public opinion on avian influenza has an even three times larger spatial spillover effect on nearby broiler price, compared to the direct effect on local broiler price, implying that spatial spillover should not have been omitted in prior work.
More broadly, our analysis has several significant implications, in theory and in practice, from a global perspective. First, in theory, our research sheds new light on the mechanism of price risk spillover of animal disease to global livestock and poultry market, by highlighting the importance of studying public opinion in amplifying price risk during second-step flow of communication. Second, in practice, our research suggests that: (i) facing global epidemic animal disease, official media should shoulder the responsibility of being the "opinion leader", leading public opinion on global epidemic animal disease to behave more rationally, so as to mitigate the negative spillover of public opinion to livestock and poultry price; (ii) authorities should closely monitor public opinion on global epidemic animal disease when it is approaching or exceeding the "turning point", in case of the increasing negative marginal effect of public opinion on livestock and poultry price on the right-hand side of the inverse U-shape; (iii) agricultural insurance companies may design targeted livestock and poultry price insurance products, by accounting for public opinion on epidemic animal disease in neighbouring areas or countries and thus, by forecasting local price risk, given the "spatial spillover" of public opinion to livestock and poultry price globally.
The article is organized as follows. (i) Section 2 develops an analytical framework of the causal mechanism of price risk spillover and formulates theoretical hypotheses; (ii) Section 3 describes the data set, measures indicators and presents summary statistics and stationarity tests from the sample; (iii) Section 4 identifies the causal mechanism empirically; (iv) Section 5 further analyses the nonlinear spatial spillover of public opinion to broiler price risk; (v) Section 6 performs robustness checks; (vi) Section 7 provides discussion on the results; (vii) Section 8 concludes.
Note that throughout this article: (i) "price risk spillover" refers to the phenomenon that avian influenza epidemic spills over to poultry market and leads to its price risk [34] , either locally or spatially; (ii) "avian influenza epidemic" refers to the disease epidemic as a whole, consisting of avian influenza outbreak (incident component) and public opinion on avian influenza (information and communication component); (iii) "avian influenza outbreak" refers to the incident component of the disease epidemic; (iv) "public opinion" refers to the information and communication component of the disease epidemic; (v) "on average" refers to estimates based on the mean of the level terms of independent variables, so as to capture the linearity; (vi) "in general" refers to estimates based on the whole distribution of level terms of independent variables, that is, the quadratic terms, so as to capture the nonlinearity.
Theoretical Framework
In this section, we develop an analytical framework and formulate theoretical hypotheses.
Analytical Framework
In this subsection, we aim to develop a new analytical framework by introducing the theory of limited attention [35] and two-step flow of communication [36] , to capture the causal mechanism of avian influenza outbreak, public opinion, and broiler price risk spillover.
Kahneman [35] proposes the theory of limited attention, who regards the attention of market participants as limited psychological resources that people use to perform tasks [37] , arguing that the attention and information processing ability of decision-makers are limited and the information processing efficiency is affected by many factors. In the era of big data, facing huge amount Sustainability 2019, 11, 2358 6 of 44 of information with limited information processing ability, market participants can hardly pay attention to and understand all the information due to limited time and energy [38] , which leads to incomplete understanding of information and deviation of economic behaviour. Limited attention has a significant impact on market participants' decision-making [39] . Market participants' knowledge and understanding of market information directly affect their economic decision-making and behaviour and thus affect the economic market.
Lazarsfeld, Berelson and Gaudet [36] propose the theory of two-step flow of communication, who explore the process of opinion from the media to the opinion leader and then to the audience, stating that information goes through two steps from the media to the audience: first, from the media to opinion leader, which is the step of mass communication; second, from opinion leader to the public, which is the step of interpersonal communication. As the core of two-step of communication, opinion leaders are rooted in complex social network and play a role in this group [40] .
Behavioural finance studies show that media information has an impact on the price of financial assets [41] . Due to certain psychological bias, boundedly rational market participants pay limited or excessive attention to information, which is related to the phenomenon of insufficient or excessive market response to information [42] ; as an intermediate link of information transmission [43] , media transmits incident information to market participants through media reports and influences the attention of market participants with bounded rationality, leading to behavioural bias of market participants in underreacting or overreacting to information, which has an impact on asset prices. Combing the price response model of capital market [30] , the theory of limited attention [35] and the theory of two-step flow of communication [36] , Li et al. [31] examine how information dissemination and boundedly rational investor attention affect stock prices together, arguing that the attention of boundedly rational investors is limited [44] ; limited attention lengthens the process of information entering price and strengthens the phenomenon of insufficient market reaction involved in behavioural finance; media plays the role of opinion leader in two-step flow of communication theory, who releases information that is not different from the source information and lags behind, arousing investors' attention; media's influence of public opinion accelerates the process of information integration into the market, causes market overreaction and brings forward price pressure to stock [45] .
Inspired by recent work by Hong and Stein [30] and Li et al. [31] , we develop a new analytical framework (Figure 1) , by introducing the theory of limited attention [35] and two-step flow of communication [36] , to illustrate our conceptual framework of decomposition of an avian influenza epidemic into avian influenza outbreak and public opinion (Panel (a) of Figure 1 ) and causal framework of mechanism of avian influenza outbreak, public opinion, and broiler price risk spillover (Panel (b) of Figure 1 ).
First, in Panel (a) of Figure 1 , we present our conceptual framework of decomposition of an avian influenza epidemic into avian influenza outbreak and public opinion. Unlike previous work, where avian influenza epidemic is measured as a whole, we decompose avian influenza epidemic into two components, that is, avian influenza outbreak (incident component) and public opinion on avian influenza (information and communication component); so as to distinguish between the spillovers of these two components on broiler price. We define incident and information and communication as theoretical components; while we define avian influenza outbreak and public opinion as factual components. To illustrate this, consider two paths related to these components: (i) the path related to theoretical components: incident → information and communication → price risk spillover; (ii) the path related to factual components: avian influenza outbreak → public opinion → price risk spillover. According to our conceptual framework of decomposition, we argue that it is actually public opinion on avian influenza (information and communication component), not avian influenza outbreak (incident component) itself, that directly causes broiler price risk.
Second, in Panel (b) of Figure 1 , we present our causal framework of mechanism of avian influenza outbreak, public opinion, and broiler price risk spillover. We capture the causal mechanism of avian influenza outbreak, public opinion, and broiler price risk spillover. To illustrate this, consider two Sustainability 2019, 11, 2358 7 of 44 paths, the information path (limited attention theory) and the communication patch (two-step flow of communication theory): (i) the information path based on limited attention theory: incident → limited attention → excessive attention → overreaction → price pressure; (ii) the communication path based on two-step flow of communication theory: avian influenza outbreak → initial release (first-step flow) → public opinion (second-step flow) → behavioural bias → price risk spillover. The causal mechanism is as follows: (i) avian influenza outbreak, as an incident [46] , is initially released by authorities during first-step flow [47] and becomes source information [48] on avian influenza, which may only attract limited public attention [49] ; (ii) when source information on avian influenza is intensively covered by news and social media, who act as opinion leader [50] , the source information becomes public opinion [51] on avian influenza during second-step flow [52] , which may attract excessive pubic attention [35] ; (iii) excessive attention on avian influenza brings about public behavioural bias [53] , leading to public overreaction [54] to avian influenza; (iv) the clustering of public behavioural bias and public overreaction to avian influenza result in negative price pressure [55] on poultry market, causing poultry price risk spillover [56] .
The following baseline analysis and spatial analysis provide empirical evidence in favour of our analytical framework.
assets [41] . Due to certain psychological bias, boundedly rational market participants pay limited or excessive attention to information, which is related to the phenomenon of insufficient or excessive market response to information [42] ; as an intermediate link of information transmission [43] , media transmits incident information to market participants through media reports and influences the attention of market participants with bounded rationality, leading to behavioural bias of market participants in underreacting or overreacting to information, which has an impact on asset prices. Combing the price response model of capital market [30] , the theory of limited attention [35] and the theory of two-step flow of communication [36] , Li et al. [31] examine how information dissemination and boundedly rational investor attention affect stock prices together, arguing that the attention of boundedly rational investors is limited [44] ; limited attention lengthens the process of information entering price and strengthens the phenomenon of insufficient market reaction involved in behavioural finance; media plays the role of opinion leader in two-step flow of communication theory, who releases information that is not different from the source information and lags behind, arousing investors' attention; media's influence of public opinion accelerates the process of information integration into the market, causes market overreaction and brings forward price pressure to stock [45] .
Inspired by recent work by Hong and Stein [30] and Li et al. [31] , we develop a new analytical framework (Figure 1) , by introducing the theory of limited attention [35] and two-step flow of communication [36] , to illustrate our conceptual framework of decomposition of an avian influenza epidemic into avian influenza outbreak and public opinion (Panel (a) of Figure 1 ) and causal framework of mechanism of avian influenza outbreak, public opinion, and broiler price risk spillover (Panel (b) of Figure 1 ). Figure 1 . These figures present our analytical framework: (a) conceptual framework of decomposition of an avian influenza epidemic into avian influenza outbreak and public opinion; (b) causal framework of mechanism of avian influenza outbreak, public opinion, and broiler price risk spillover. Source: the analytical framework is originally developed by the authors, by introducing the theory of limited attention [35] and two-step flow of communication [36] .
Theoretical Hypotheses
In this subsection, we formulate theoretical hypotheses based on our analytical framework.
Spillover of Avian Influenza Outbreak to Broiler Price Risk
As an incident, avian influenza has an impact on the poultry market at two sides: supply side and demand side. (i) on the supply side of the market, avian influenza outbreak results in a compulsory destroying of poultry within 3 km and a compulsory immunization of poultry within 5 km around the epidemic site, implemented by the government [57] ; meanwhile, poultry breeding in the epidemic area is forbidden within six months, poultry market is closed and poultry product circulation is restricted, forming a separate unconformity market, resulting in a substantial reduction in poultry product supply [29] . (ii) On the demand side of the market, when avian influenza outbreaks, the incident is released to the public through authoritative sources such as government releases and official media reports, becoming source information; avian influenza source information is often submerged in a large amount of information, while boundedly rational consumers are constrained by limited information processing capabilities and inadequate responses to information on the source information, so they can only maintain limited attention; therefore, although avian influenza risk perception reduces consumers' purchase motivation of poultry products, the impact is limited. (iii) On both sides of the market, reduced demand for poultry products due to limited consumer attention to information on avian influenza outbreaks, which hedges against reduced supply of poultry products; therefore, there is no significant change in the equilibrium price of poultry market. We propose theoretical hypothesis H1:
H1: Controlling for other factors, avian influenza outbreak has no significant spillover to broiler price.
We further decompose avian influenza outbreak into poultry infection and human infection, following the procedure described in Zhou and Liu [18] and propose the sub-hypotheses of the theoretical hypothesis H1:
H1a: Controlling for other factors, poultry infection with avian influenza outbreak has no significant spillover to broiler price.
H1b:
Controlling for other factors, human infection with avian influenza outbreak has no significant spillover to broiler price.
Spillover of Public Opinion to Broiler Price Risk
With the emergence of new media forms such as network and mobile phone, the scope and speed of information generation and dissemination are increasing; public opinion communication is developing from traditional professional media channels to public media and self-media and the social and economic impact of public opinion is also growing; its effect is reflected in the rapid dissemination of information and then the formation of aggregated public opinion [58] . (i) When avian influenza outbreaks, the network news media and social media identifies the hot incident, screen the source information of avian influenza from the ocean of information and carry out second-step flow of communication, forming public opinion on avian influenza [59] ; (ii) influenced by public opinion on avian influenza, consumers' attention, confidence and emotions are greatly affected, with increased avian influenza risk perception and consumer's bounded rationality leading to deviation of the consumption behaviour of poultry products, that is, overreaction to consumption risk of poultry products; (iii) the agglomeration of consumer behavioural deviations leads to mass market panic [60] , which has a significant impact on the market demand of poultry industry; (iv) the panic in the consumer market leads to inadequate demand for poultry, thus demand for poultry falls more than supply, which directly leads to the decrease of the equilibrium price in the poultry market [13, 21, 61] ; (v) in turn, it has a great impact on price fluctuations in the poultry market, forming the price risk of poultry market. We propose theoretical hypothesis H2:
H2:
Controlling for other factors, on average, public opinion on avian influenza has a negative spillover to broiler price.
According to theoretical hypothesis H2, on average, public opinion on avian influenza exerts negative price pressure [55] on the market price of poultry. However, because avian influenza outbreak directly reduces the supply of poultry products and public opinion indirectly reduces poultry product demand by influencing overreaction behaviour of boundedly rational consumers [62] , both supply and demand of poultry products decline. Therefore, the change of the equilibrium price of poultry products is uncertain under different levels of public opinion on avian influenza, which means that the direction and marginal effect of different levels of public opinion on poultry price may change, that is, there may be a nonlinear relationship between public opinion on avian influenza and poultry price. (i) When the level of public opinion is particularly low, the quantity and intensity of second-step flow of avian influenza source information by news and social media are limited and consumers have limited attention to the source information of avian influenza; avian influenza outbreak directly reduces poultry production capacity and public opinion on avian influenza also forces poultry breeders and poultry suppliers to reduce the supply of poultry products; therefore, the reduction of consumer demand for poultry products is less than that of supply and poultry price rises on the contrary; as the level of public opinion increases gradually from very low, the impact of public opinion on consumer demand for poultry products increases gradually, so although public opinion still has a positive effect on the market price of poultry, the marginal effect decreases. (ii) When the level of public opinion exceeds a certain turning point, the amount and intensity of second-step flow of avian influenza source information by news and social media are relatively large, where media plays the role of opinion leader, causing consumers to pay excessive attention to the information of avian influenza, thus forming a clustered overreaction of boundedly rational consumers, which greatly reduces or even stops the purchase of poultry products; the decrease in consumer demand for poultry products is greater than the decrease in supply and poultry price falls; with the level of public opinion rising further, the herding effect [63] of irrational behaviour of boundedly rational consumers further aggravates the negative price pressure of poultry market price and the marginal effect of public opinion on poultry price increases. Based on theoretical hypothesis H2, we propose theoretical hypothesis H3:
H3:
Controlling for other factors, in general, the spillover of public opinion on avian influenza to broiler price is inverse U-shaped.
Furthermore, theoretical hypothesis H2 is a special case of theoretical hypothesis H3 when the level of public opinion is on average and the level of public opinion is on the right-hand side of the turning point of the inverse U-shape.
Spatial Spillover of Public Opinion to Broiler Price Risk
Public opinion enhances the spread scope and speed of avian influenza information and leads to price fluctuations in poultry market by influencing the purchasing behaviour of boundedly rational consumers. The spread of public opinion is cross-regional [64] , which blurs the spatial boundary where the incident occurs; public opinion in a certain area is rapidly disseminated through the news and social media without the restriction of regional space; public opinion on avian influenza in a region not only raises the attention of consumers and influences local consumers' buying behaviour but also enhances consumers' risk perception of poultry products in nearby areas, causing negative price pressure across regions. In other words, public opinion on avian influenza may lead to cross-regional impact on poultry price, resulting in a negative spatial spillover effect. Based on theoretical hypothesis H2, we propose theoretical hypothesis H4:
H4:
Controlling for other factors, on average, public opinion on avian influenza has a negative spatial spillover to broiler price.
Based on theoretical hypotheses H3-H4, we expect that the spatial spillover effect [65] of public opinion on avian influenza on poultry price in neighbouring areas is also not linear but an inverted U-shaped relationship. (i) When public opinion on avian influenza is particularly weak, it has a positive spatial spillover to poultry price in neighbouring areas and the marginal effect decreases; (ii) when public opinion on avian influenza exceeds a certain turning point, it has a negative spatial spillover to poultry price in neighbouring areas and the marginal effect increases. Based on theoretical hypotheses H3-H4, we propose theoretical hypothesis H5:
H5:
Controlling for other factors, in general, the spatial spillover of public opinion on avian influenza to broiler price is inverse U-shaped.
Furthermore, theoretical hypothesis H4 is a special case of theoretical hypothesis H5 when the level of public opinion is on average and the level of public opinion is on the right-hand side of the turning point of the inverse U-shape.
Materials and Methods
In this section, we describe the data set and measure indicators and present summary statistics and stationarity tests from the sample.
Sample Definitions
We use 5 [66] and Lu and Xu [67] , we use dressed broiler price to measure broiler price, for the following reasons: (i) dressed broiler can be produced on a large scale and standardized basis and it is safer to eat than live chicken; dressed broiler is the core supply mode of chicken sales in major developed countries and also the main development direction of the supply mode of broiler industry; dressed broiler has become the main consumption mode of poultry meat for urban residents [68] ; (ii) dressed broiler is the terminal product of broiler industry and the main direct consumer goods in broiler market [13] ; (iii) dressed broiler is in the downstream of the broiler industry chain and dressed broiler price is at the end of the price conduction chain in the broiler market [66] .
Independent Variables of Interest
Our independent variables of interest are public opinion on avian influenza and avian influenza outbreak. As discussed above, unlike previous studies, where avian influenza epidemic is measured as a whole, we decompose avian influenza epidemic into two components: avian influenza outbreak (incident component) and public opinion on avian influenza (information and communication component).
(i) Public opinion on avian influenza. Currently, in the age of big data, along with the steady development of network technology and smart phones, news and social media is playing increasingly crucial functions in affecting the general public [69] . In this article, public opinion on avian influenza indicates the public opinion of the network media and netizens on the information of an avian influenza epidemic.
We do not use Baidu index to measure public opinion on avian influenza as Zheng and Ma [20] do, because the data of Baidu index is only available from January 2011 and provincial data is not provided.
Following the procedure described in Zheng et al. [70, 71] , Xu [72] and Li, Yang and Cao [69] , we use Baidu search volume to measure public opinion on avian influenza, for the following reasons: Moreover, we include the quadratic term of public opinion on avian influenza, to examine the nonlinear spillover of public opinion on avian influenza to broiler price.
Alternatively, we use Google search volume to measure public opinion on avian influenza in robustness checks; similarly, we include the quadratic term of Google opinion.
We expect the signs of level terms and quadratic terms of public opinion and Google opinion to be all negative.
(ii) Avian influenza outbreak. We further decompose avian influenza outbreak into poultry infection with avian influenza outbreak and human infection with avian influenza outbreak, following Zhou and Liu [18] . We measure poultry infection with avian influenza by dummy for poultry infection with avian influenza cases (taking 1 for outbreaks), using hand-collected journal data from monthly journal Official Veterinary Bulletin published by Ministry of Agriculture and Rural Affairs of China; and measure human infection with avian influenza by dummy for human infection with avian influenza cases (taking 1 for outbreaks), using hand-collected journal data monthly journal Disease Surveillance published by China's Centre for Disease Control and Prevention.
We expect the signs of poultry infection and human infection with avian influenza outbreak to be both negative.
Control Variables
Our control variables include price determinants and supply and demand determinants.
(i) Price control variables. We control for potential price determinants, such as broiler compound feed price, broiler chick price, live chicken price and pork price; where broiler compound feed price and broiler chick price represent upstream products of broiler industry chain, live chicken price represents midstream product of broiler industry chain, dressed broiler price represents downstream products of broiler industry chain and pork price represents poultry meat alternative.
We expect the signs of feed price, chick price, live chicken price and pork price to be all positive.
(ii) Supply and demand control variables. We control for potential supply and demand determinants, such as poultry meat output, poultry meat consumption in cities and towns and poultry meat consumption in rural areas. We do not include income variable as some papers do, because provincial urban and rural income data are only available in yearly and quarterly panel data, without provincial monthly panel data.
We expect the sign of poultry output to be negative and the signs of urban and rural poultry consumption to be both positive. Table 1 presents definitions and data sources of independent variables of interest, that is, public opinion (lnbaidu), squared public opinion (lnbaidu2), Google opinion (lngoogle), squared Google opinion (lngoogle2), poultry infection (pai) and human infection (hai); (iii) Panel C of Table 1 presents definitions and data sources of price control variables, that is, feed price (lnforage), chick price (lnchick), live chicken price (lnlive) and pork price (lnpork); and (iv) Panel D of Table 1 presents definitions and data sources of supply and demand control variables, that is, poultry output (lnoutput), urban poultry consumption (lnurban) and rural poultry consumption (lnrural). Table 2 describes our data and presents summary statistics. Our data sample is processed as follows: (i) We use multiple imputation to handle missing data [73] ; (ii) All price variables are deflated using the provincial consumer price indices to January 2004 yuan to adjust for inflation [74] ; (iii) Following Ponticelli and Alencar [75] , we first take logarithms of all continuous variables to reduce heteroskedasticity, then winsorize all continuous variables at the 1st and 99th percentile to trim outliers [76] and finally standardize them by province to be mean 0 and standard deviation 1 to avoid multicollinearity [77] and for ease of interpretation [78] ; (iv) Since the raw values of public opinion (baidu) can take on the value 0, we actually use ln(1+baidu) instead [79] ; yet this variable is, however, Sustainability 2019, 11, 2358 13 of 44 still written as lnbaidu; and (v) Quadratic terms, namely, lnbaidu2 and lngoogle2, are constructed after standardization of level terms, namely, lnbaidu and lngoogle, respectively. We use a long panel data set covering 30 provinces spanning 157 months, therefore, panel-data unit-root tests of continuous variables should be carried out before empirical analysis to address the potential concern about spurious correlation. We perform the LLC [80] , IPS [81] and Fisher-ADF [82] tests for unit roots (or stationarity). The test results in Table 3 suggest that, we reject the null that all the panels contain a unit root at the 1% level and 5% level and the data are stationary. 
Variable Definitions and Data Sources

Summary Statistics and Stationarity Tests
Baseline Analysis of Price Risk Spillover and Results
In this section, we derive the baseline model, conduct the exploratory baseline data analysis and perform the baseline estimation.
Baseline Model
First, we consider the linear relationships between broiler price and its potential determinants. To analyse the spillover of public opinion and avian influenza outbreak to broiler price risk (i.e., to verify theoretical hypotheses H1-H2), we start by considering the following function:
where i is province, t is month, broiler it is broiler price, baidu it is public opinion, and pai it and hai it are dummies for poultry and human infections with avian influenza outbreak, respectively. Equation (1) indicates that broiler price is a function of public opinion and avian influenza outbreak. α is a constant term and X it is a vector of other factors affecting broiler price. Taking logarithms of Equation (1) gives the following reduced-form equation:
where λ t and u i are month and province fixed effects, respectively; ε it is the error term. As we use a long panel data set spanning 157 months, including month dummies may lead to substantial losses in degrees of freedom, resulting in larger standard errors for estimates. Therefore, we include a linear time trend instead of month dummies:
where month t is a linear time trend. Second, more generally, we consider two extensions of Equation (3) for a more general case:
(i) we introduce lnbaidu2 it (squared public opinion) to capture possible nonlinearities in the relationship between broiler price and public opinion (i.e., to verify theoretical hypothesis H3).
(ii) In view of the related literature, we allow for other determinants of broiler price, such as price of broiler industry chain and related products and output and consumption of poultry, by including a control function:
X it = β 1 ln f orage it + β 2 ln chick it + β 3 ln live it + β 4 ln pork it + β 5 ln output it + β 6 ln urban it + β 7 ln rural it (4) where lnforage it is feed price, lnchick it is chick price, lnlive it is live chicken price, lnpork it is pork price, lnoutput it is poultry meat production and lnurban it and lnrural it are poultry meat consumption in cities and towns and rural areas, respectively.
Finally, we incorporate the above two extensions and rewrite Equation (3) as the following baseline model:
where X it is a vector of control variables. Incorporating Equation (4) into Equation (5), the baseline model can be rewritten as:
Independent variables of interest +β 5 ln f orage it + β 6 ln chick it + β 7 ln live it + β 8 ln pork it Price control variables +β 9 ln output it + β 10 ln urban it + β 11 ln rural it Supply and demand control variables
Exploratory Baseline Data Analysis
To provide an intuitive illustration of the difference in impacts between avian influenza outbreak and public opinion on avian influenza, Figure 2 plots the time series of public opinion, poultry infection and human infection with avian influenza outbreak, in Liaoning, Anhui, Guangdong and Xinjiang, respectively, spanning November 2004-November 2017, as a preliminary exploration of the data.
The selection of provinces is based on the Zhou and Liu [18] narrative account of avian influenza high incidence areas in China. From Figure 2 we see that: (i) trend in broiler price is seemingly negatively correlated with trend in public opinion; (ii) neither trend in poultry infection nor trend in human infection is seemingly significantly correlated with trend in public opinion. It implies that avian influenza outbreak may not necessarily lead to strong public opinion and strong public opinion may not necessarily follow avian influenza outbreak. One possible explanation is that if avian influenza outbreak is not intensively covered by news and social media, it may not attract sufficient public attention [83, 84] , which may result in insignificant public opinion [51, 85] , lending support to our conceptual framework of decomposition of an avian influenza epidemic into avian influenza outbreak and public opinion, in Panel (a) of Figure 1 .
We present scatterplots of broiler price (lnbroiler) against (a) Public Opinion (lnbaidu), (b) Poultry Infection (pai) and (c) Human Infection (hai), respectively, with pointwise 95% confidence intervals, in Figure 3 : (i) in Panel (a) of Figure 3 we see an overall inverse U-shaped pattern, which provides preliminary evidence on the nonlinear relationship between broiler price and public opinion, consistent with theoretical hypothesis H3; (ii) in Panel (b) of Figure 3 there seems no significant correlation between broiler price and poultry infection and in Panel (c) of Figure 3 there seems no significant correlation between broiler price and human infection, both of which coincide with theoretical hypothesis H1. From Figure 2 we see that: (i) trend in broiler price is seemingly negatively correlated with trend in public opinion; (ii) neither trend in poultry infection nor trend in human infection is seemingly significantly correlated with trend in public opinion. It implies that avian influenza outbreak may not necessarily lead to strong public opinion and strong public opinion may not necessarily follow avian influenza outbreak. One possible explanation is that if avian influenza outbreak is not intensively covered by news and social media, it may not attract sufficient public attention [83, 84] , which may result in insignificant public opinion [51, 85] , lending support to our conceptual framework of decomposition of an avian influenza epidemic into avian influenza outbreak and public opinion, in Panel (a) of Figure 1 .
We present scatterplots of broiler price (lnbroiler) against (a) Public Opinion (lnbaidu), (b) Poultry Infection (pai) and (c) Human Infection (hai), respectively, with pointwise 95% confidence intervals, in 
Baseline Specification Tests
Before turning to our baseline estimates, we perform a series of baseline specification tests, as reported in Table 4 . Table 4 consists of two panels: (i) Panel A of Table 4 presents regression coefficients of baseline model (β1 -β11); and (ii) Panel B of (1)- (2), between-effects (BE) estimator in columns (3)-(4), random-effects (RE) estimator in columns (5)-(6) and fixed-effects (FE) estimator in columns (7)- (8) . For each estimator, the first column reports the estimates including only the level term of public opinion, while the second column reports the estimates including both the level and quadratic terms of public opinion. 
Before turning to our baseline estimates, we perform a series of baseline specification tests, as reported in Table 4 . Table 4 consists of two panels: (i) Panel A of Table 4 presents regression coefficients of baseline model (β 1 -β 11 ); and (ii) Panel B of Table 4 presents specification tests, including adjusted R 2 , within R 2 , between R 2 , log likelihood, AIC, BIC, p-value of RESET (RESET_p), p-value of LR test (LR_p), p-value of Wald test (Wald_p), p-value of Hausman test (Hausman_p), p-value of heteroskedasticity test (heteroske_p) and p-value of autocorrelation test (autocorr_p). We estimate the baseline model in Equation (5) using various estimators, including pooled OLS (OLS) estimator in columns (1)- (2), between-effects (BE) estimator in columns (3)-(4), random-effects (RE) estimator in columns (5)-(6) and fixed-effects (FE) estimator in columns (7)- (8) . For each estimator, the first column reports the estimates including only the level term of public opinion, while the second column reports the estimates including both the level and quadratic terms of public opinion. First, multicollinearity diagnostics. We test for potential multicollinearity in pooled OLS models (columns (1)-(2)) using variance inflation factor (VIF) [79] , by testing if VIF j is above a cut-off value. VIF test results show that none of the VIFs for the independent variables is above 10, indicating that multicollinearity is not a problem [79] .
Second, general functional form misspecification test. We test for potential general functional form misspecification in pooled OLS models (columns (1)-(2)) using Ramsey's regression specification error test (RESET) [86] , by fitting y = xb + zt + u and then testing if t = 0. RESET results show that the null that model has no omitted variables cannot be rejected (p > 0.10), indicating that our baseline model passes the functional form test.
Third, model selection between pooled OLS (OLS) models and random-effects (RE) models. We conduct the model selection exercises between column (1) and column (5) and between column (2) and column (6), respectively, using likelihood ratio (LR) test [79] , by testing if Var(u) = 0. LR test results show that the null is strongly rejected (p < 0.001), indicating that RE fits better than OLS.
Fourth, model selection between pooled OLS (OLS) models and fixed-effects (FE) models. We conduct the model selection exercises between column (1) and column (7) and between column (2) and column (8) , respectively, using Wald test [79] , by testing if all u i = 0. Wald test results show that the null is strongly rejected (p < 0.001), indicating that FE fits better than OLS.
Fifth, model selection between random-effects (RE) models and fixed-effects (FE) models. We conduct the model selection exercises between column (5) and column (7) and between column (6) and column (8), respectively, using Hausman's specification test [87] , by estimating the variance var(b-B) of the difference of the estimators by the difference var(b)-var(B) of the variances. Hausman test results show that the null of difference in coefficients not systematic is strongly rejected (p < 0.001), indicating that FE fits better than RE.
Sixth, model selection between between-effects (BE) models and fixed-effects (FE) models. Since FE is selected compared with RE in Hausman test, combined with the fact that BE is consistent if and only if the appropriate model is RE, BE estimator may be inconsistent here. Therefore, we infer that FE fits better than BE.
Seventh, model selection between first-differencing (FD) models and fixed-effects (FE) models. We do not report FD estimates here. Given that when T = 2, FD and FE estimates are identical; and when T > 2 and u it are serially uncorrelated, FE estimator is more efficient than FD estimator [79, 88] ; therefore, we infer that FE fits better than FD.
Eighth, heteroskedasticity test. We test for potential heteroskedasticity in fixed-effects (FE) models (columns (7)- (8)) using modified Wald statistic for groupwise heteroskedasticity in fixed effect model [89] , by testing if sigma(i)ˆ2 = sigmaˆ2 for all i. Heteroskedasticity test results show that the null of homoskedasticity is strongly rejected (p < 0.001), indicating that there exists heteroskedasticity in FE models.
Finally, autocorrelation test. We test for potential autocorrelation in between-effects (BE) models (columns (3)- (4)), random-effects (RE) models (columns (5)- (6)) and fixed-effects (FE) models (columns (7)- (8)), respectively, using Wooldridge test for serial correlation in panel-data models [90, 91] , by testing for the correlation coefficient between pairs of adjacent observations. Autocorrelation test results show that the null of no first-order autocorrelation is strongly rejected (p < 0.001), indicating that there exists autocorrelation in BE, RE and FE models.
Collectively, we conclude that: (i) our baseline specification passes both multicollinearity diagnostics (VIF test) and general functional form misspecification test (RESET); (ii) FE model fits best among OLS, BE, RE and FE models, so we should select FE model as our primary baseline specification; (iii) although not causing bias or inconsistency in the OLS estimators, there still exists heteroskedasticity and autocorrelation in our baseline specification, however, these issues can be addressed by including heteroskedasticity-robust standard errors clustered at the individual-level [79, 88] .
In subsequent sections, we use FE with heteroskedasticity-robust standard errors as the primary estimator, for the following reasons. OLS (OLS), first-differencing (FD), between-effects (BE), random-effects (RE) or fixed-effects (FE)), FE estimator always gives consistent estimates, although it may not be the most efficient [79, 88] .
(ii) Empirically, all model selection exercises stated above point toward FE, suggesting that FE estimator is also the appropriate model and the most efficient. (iii) Theoretically, the hypothesis of FE is more in line with economic reality and FE can alleviate concerns about omitted variable bias [79, 88] .
Baseline Estimates
More formally, we estimate variants of the baseline model in Equation (5), where we include the additional controls one by one, as reported in Table 5 . Table 5 consists of two panels: (i) Panel A of Table 5 presents regression coefficients of baseline model (β 1 -β 11 ); and (ii) Panel B of Table 5 presents specification tests, including adjusted R 2 , log likelihood, AIC and BIC. As discussed above, we select FE model as our primary specification and include heteroskedasticity-robust standard errors clustered at the province-level to address the heteroskedasticity and autocorrelation issues [79, 88] . First, in column (1) of Table 5 , only poultry infection and human infection are included, whose coefficients are significantly negative; in column (2), public opinion is added and all coefficients are significantly negative.
Second, in columns (3)- (7), control variables are added gradually and poultry infection and human infection keep insignificant, while public opinion keeps significantly negative, implying that neither poultry infection nor human infection with avian influenza outbreak has a significant spillover to broiler price and public opinion on avian influenza has a negative spillover to broiler price, lending support to theoretical hypotheses H1-H2. In columns (6)- (7), all coefficients are more stable, which suggests that the omitted variable bias is small [92] .
Third, in column (7), the effect size of public opinion on broiler price (−0.04) is 1/4 of the effect size of poultry meat consumption in cities and towns (0.16), 1/5 of chick price (0.21), 1/10 of live chicken price (0.38) and 1/3 of pork price (0.14).
Fourth, in column (8), squared public opinion is further added. Following the model selection criteria (R 2 , log likelihood, AIC and BIC), described in Elhorst [93] and Belotti, Hughes and Mortari [94] , column (8) fits better than column (7). Squared public opinion in column (8) is still significantly negative and other coefficients remain similar to column (7), reflecting the fact that there is an inverse U-shaped relationship between broiler price and public opinion, lending support to theoretical hypothesis H3.
Finally, in column (8), we calculate the turning point of the inverse U-shaped relationship between broiler price and public opinion [79, 95] :
whereβ 1 andβ 2 are estimated values of lnbaidu and lnbaidu2, respectively; turning_lnbaidu, the turning point value for lnbaidu, equals −1.57, which is well within the range of the observed data on lnbaidu ranging from 6.42 to 4.77, according to the summary statistics in Table 2 , indicating that this is not a spurious inverse U-shape. The mean and median lnbaidu, both of which equal 0.00, are on the right-hand side of the turning point of the inverse U-shape, combined with the fact thatβ 1 andβ 2 are both significantly negative, lending further support to theoretical hypothesis H2 that, on average, public opinion on avian influenza has a negative spillover to broiler price, which is a special case of theoretical hypothesis H3 when public opinion is on average. To illustrate this, consider Figure 4 : (i) Panel (a) of Figure 4 plots the regression coefficients (linear) from column (7) of Table 5 and Panel (b) of Figure 4 plots the regression coefficients (nonlinear) from column (8) of Table 5 , which shows that both public opinion and squared public opinion have negative spillovers to broiler price, lending support to theoretical hypotheses H2-H3. (ii) Panel (c) of Figure 4 plots the marginal effect of public opinion on avian influenza on broiler price with a pointwise 95% confidence interval based on the estimates in column (8) of Table 5 , which follows a strong inverse U-shaped pattern in general, lending further support to theoretical hypothesis H3; and the mean lnbaidu (0.00) is on the right-hand side of the turning point of the inverse U-shape (−1.57), indicating a negative spillover to broiler price on average, lending further support to theoretical hypothesis H2.
Collectively, we draw our main conclusions from this section. (i) Neither poultry infection nor human infection with avian influenza outbreak has a significant spillover to broiler price, in accordance with theoretical hypothesis H1. (ii) Public opinion on avian influenza has a negative spillover to broiler price and the effect size of public opinion on broiler price (−0.04) is 1/4 of the effect size of poultry meat consumption in cities and towns (0.16), 1/5 of chick price (0.21), 1/10 of live chicken price (0.38) and 1/3 of pork price (0.14) (column (7) of Table 5 ), in accordance with theoretical hypothesis H2. (iii) There is an inverse U-shaped relationship between broiler price and public opinion; mean public opinion (0.00) and median public opinion (0.00) are both on the right-hand side of the turning point (−1.57) of the inverse U-shape (column (8) of Table 5 ); therefore, on average, public opinion exerts negative price pressure on broiler market and the marginal effect increases; but when public opinion is weaker than the turning point, it increases broiler price instead and the marginal effect decreases, in accordance with theoretical hypothesis H3. Table 5 , (b) regression coefficients (nonlinear) from column (8) of Table 5 and (c) marginal effect of lnbaidu on lnbroiler (nonlinear) from column (8) of Table 5 Collectively, we draw our main conclusions from this section. (i) Neither poultry infection nor human infection with avian influenza outbreak has a significant spillover to broiler price, in accordance with theoretical hypothesis H1. (ii) Public opinion on avian influenza has a negative spillover to broiler price and the effect size of public opinion on broiler price (−0.04) is 1/4 of the effect 
Spatial Analysis of Price Risk Spillover and Results
In this section, we derive the spatial models, conduct the exploratory spatial data analysis and perform the spatial estimation.
Spatial Models
The baseline model (Equation (5)) may produce biased estimates for neglecting the spatial autocorrelation in the variables. Therefore, we further include spatial effects to capture possible nonlinear spatial spillover of public opinion on avian influenza to broiler price (i.e., to verify theoretical hypotheses H4-H5). Altogether we develop 5 types of spatial models, including spatial Durbin model (SDM), dynamic spatial Durbin model (dynamic SDM), spatial autoregressive (SAR) model, dynamic spatial autoregressive (dynamic SAR) model and spatial autocorrelation (SAC) model. Following the procedure described in Elhorst [93] and Belotti, Hughes and Mortari [94] , we start with the SDM as a general specification and derive the others.
First, in Equation (5) (fixed effects model), we add the spatially lagged dependent variable (lnbroiler) and spatially lagged independent variables of interest (lnbaidu, lnbaidu2, pai and hai) to capture the spatially lagged effects of broiler price, public opinion, and avian influenza outbreak; and the baseline model is extended to SDM:
w ij ln broiler jt + β 1 ln baidu it + β 2 ln baidu2 it + β 3 pai it + β 4 hai it + β 5 X it Third, in Equation (8) (SDM), when the spatially lagged independent variables of interest can be omitted (i.e., θ i = 0 (I = 1 2, 3, 4)), the SDM is transformed into SAR model:
w ij ln broiler jt +β 1 ln baidu it + β 2 ln baidu2 it + β 3 pai it + β 4 hai it + β 5 X it + γmonth t + u i + ε it (10) Fourth, in Equation (10) (SAR), we add the temporally lagged dependent variable and spatiotemporally lagged dependent variable and the SAR is extended to dynamic SAR model:
w ij ln broiler jt +β 1 ln baidu it + β 2 ln baidu2 it + β 3 pai it + β 4 hai it + β 5 X it + γmonth t + u i + ε it (11) Finally, in Equation (10) (SAR), we allow for a spatially autocorrelated error and the SAR is extended to SAC model:
w ij ln broiler jt + β 1 ln baidu it + β 2 ln baidu2 it + β 3 pai it + β 4 hai it + β 5 X it
We mainly use squared inverse-distance spatial weighting matrix W(1) to characterize the spatial relationships between provinces [96] . W(1) and its row-standardized form is defined as:
where d is the distance between provinces.
We also use queen contiguity spatial weighting matrix W(2) in robustness checks [97] . As Hainan is an island, to address this neighbourless issue, we calculate the distances between Hainan and Guangdong and between Hainan and Guangxi, using the spdistance command in Stata/MP 15.1; and manually set Guangxi, which is closer to Hainan, as a neighbour of Hainan. W(2) and its row-standardized form is defined as: 
Exploratory Spatial Data Analysis
To detect global spatial autocorrelation (GSA) in broiler price, before estimating spatial models, we calculate Moran's global index of spatial autocorrelation I (Moran's I, hereinafter referred to as MI) [98] : (15) where n is sample size; lnbroiler i and lnbroiler j are broiler price in provinces i and j, respectively;
ln broiler i is mean of lnbroiler i or lnbroiler j ; and each entry w ij ∈ W represents the spatial weight associated to provinces i and j. MI takes values on the interval [−1,1]: MI > 0 indicates positive spatial autocorrelation-nearby regions tend to exhibit similar values of lnbroiler, that is, high value adjacent to high value, low value adjacent to low value; MI < 0 indicates negative spatial autocorrelation-nearby regions tend to exhibit dissimilar values of lnbroiler, that is, high value adjacent to low value; and MI = 0 indicates spatial randomness-nearby regions tend to exhibit random values of lnbroiler, that is, no spatial autocorrelation. We also calculate Z, the standardized form of MI:
where Z follows an asymptotic standard normal distribution; E(MI) is expected value; and Var(MI) is variance. Table 6 reports global spatial autocorrelation (GSA) in lnbroiler spanning November 2004-November 2017. MI that are significant at 10% or better are all positive. This shows that there is positive spatial autocorrelation in broiler price across provinces, namely, broiler prices in nearby provinces are similar to each other, which coincides with Han and Xu [99] based on annual spatial panel data, implying that spatial effects should not be ignored and the overall price risk of China's broiler market is positively spatially autocorrelated across regions. To further detect local spatial autocorrelation (LSA) in broiler price, public opinion, poultry infection and human infection, Figure 5 displays the Moran scatterplots [100] of lnbroiler, lnbaidu, pai and hai in May 2017, using Moran's local index of spatial autocorrelation I i (Moran's I i ) [101] and Table 7 reports the corresponding local spatial autocorrelation (LSA) in lnbroiler, lnbaidu, pai and hai in May 2017. Table 7 consists of four panels: (i) Panel A of Table 7 presents LSA in broiler price (lnbroiler); (ii) Panel B of Table 7 presents LSA in public opinion (lnbaidu); (iii) Panel C of Table 7 presents LSA in dummy for poultry infection with avian influenza cases (pai); and (iv) Panel D of Table 7 presents LSA in dummy for human infection with avian influenza cases (hai). Moran's I i , the decomposition of Moran's I into the contribution of each observation, is defined as follows:
where σ lnbroiler denotes the standard deviation of lnbroiler; and w std ij denotes the elements of a row-standardized spatial weights matrix, with w std ii = 0. We choose May 2017 as the sample month because a major avian influenza epidemic, with both poultry and human infection, hit China in the first half of 2017 [20, 60, 66, 67] , which offers an ideal case for examining local spatial autocorrelation (LSA) in broiler price, public opinion, poultry infection and human infection. Table corresponds (Table 7) . Province in red = Moran's Ii is significant at 10% or better. Dashed red line = 0. We use squared inverse-distance spatial weighting matrix W(1). Source: the data are collected by the authors and the results are implemented in Stata/MP 15.1. The test of local spatial autocorrelation (LSA) further implies that spatial effects should be considered.
Spatial Specification Tests
Before turning to our spatial estimates, we perform a series of spatial specification tests, as reported in Table 8 . Table 8 consists of four panels: (i) Panel A of Table 8 presents regression coefficients of spatial models (β 1 -β 11 ); (ii) Panel B of Table 8 presents spatial coefficients of spatial models (ρ and λ), temporal coefficients of spatial models (τ) and spatiotemporal coefficients of spatial models (ψ); (iii) Panel C of Table 8 presents direct and indirect marginal effects, including long-run direct effects, long-run spatial spillover effects, short-run direct effects and short-run spatial spillover effects of public opinion (lnbaidu) and squared public opinion (lnbaidu2) on broiler price (lnbroiler), respectively; and (iv) Panel D of Table 8 presents specification tests, including R 2 , log likelihood, AIC, BIC, p-value of Hausman test (Hausman_p) and p-value of Wald test (testSAR_p). Following Belotti, Hughes and Mortari [94] , we estimate 5 types of spatial models, including SDM in Equation (8) (columns (1)- (2)), dynamic SDM in Equation (9) (columns (3)-(4)), SAR in Equation (10) (columns (5)- (6)), dynamic SAR in Equation (11) (columns (7)- (8)) and SAC in Equation (12) (columns (9)- (10)), by quasi-maximum likelihood (QML) estimators [102] . For each model, the first column reports the estimates including only the level term of public opinion, while the second column reports the estimates including both the level and quadratic terms of public opinion. Following the spatial model selection strategy described in LeSage and Pace [103] , Elhorst [93] and Belotti, Hughes and Mortari [94] , we conduct the following model selection exercises. First, we conduct the model selection exercises between spatial models and non-spatial models using spatial coefficients [103, 104] , by testing if ρ = 0 and/or λ = 0 [94] . Test results show that both ρ and λ are significant statistically (p < 0.01) and economically, indicating that spatial models fit better than non-spatial models.
Second, we conducte model selection between fixed-effects (FE) spatial models and random-effects (RE) spatial models. We conduct the model selection exercises between FE and RE in SDM (columns (1)- (2)) and SAR (columns (5)- (6)), respectively, using Hausman's specification test [87, 94] , by estimating the variance var(b-B) of the difference of the estimators by the difference var(b)-var(B) of the variances. Test results show that the null of difference in coefficients not systematic is strongly rejected (p < 0.001), indicating that FE fits better than RE in SDM and SAR.
Third, model selection between SDM and SAR. We conduct the model selection exercises between column (1) and column (5) and between column (2) and column (6), respectively, using Wald test [79] , by testing if θ 1 = θ 2 = θ 3 = θ 4 = 0 given that ρ 0 [94] . Test results show that the null of θ = 0 is strongly rejected (p < 0.001), indicating that SDM fits better than SAR.
Fourth, model selection between dynamic spatial models and static spatial models. We conduct the model selection exercises between dynamic spatial models and static spatial models using temporal coefficients and spatiotemporal coefficients [103, 104] , by testing if τ = 0 and/or ψ = 0 [94] . Test results show that both τ and ψ are significant statistically (p < 0.01) and economically, indicating that dynamic spatial models fit better than static spatial models.
Finally, model selection between dynamic SDM and dynamic SAR. We conduct the model selection exercises between column (3) and column (7) and between column (4) and column (8), respectively, using certain criteria, by estimating R 2 (larger is better), log likelihood (larger is better), Akaike's information criteria (AIC) (smaller is better) and Schwarz's Bayesian information criteria (BIC) (smaller is better) [88, 94] . All test results except BIC point toward dynamic SDM, combined with the fact that SDM fits better than SAR, indicating that dynamic SDM fits better than dynamic SAR.
Collectively, we conclude that: (i) spatial models fit better than non-spatial models, further indicating that spatial effects should not be ignored; (ii) dynamic FE SDM fits first-best and dynamic FE SAR fits second-best, so we should select dynamic FE SDM as our primary spatial specification and dynamic FE SAR as an alternative spatial specification.
Spatial Estimates
More formally, we report spatial estimates also in Table 8 . As discussed above, we focus on describing estimation results for dynamic FE SDM (columns (3)- (4)) and dynamic FE SAR (columns (7)- (8)) and where the estimates for dynamic FE SDM in columns (3)-(4) are the main concerns. Moreover, we include heteroskedasticity-robust standard errors clustered at the province-level to address the potential heteroskedasticity and autocorrelation issues [79, 88, 94] .
First, in columns (3)- (4) and (7)- (8) of Table 8 , poultry infection and human infection are both statistically insignificant, indicating that neither poultry infection nor human infection with avian influenza has a significant spillover to broiler price, consistent with that of Table 5 ; in columns (3) and (7), public opinion is significantly negative, indicating that public opinion has a negative spillover to broiler price (e.g., in column(3), with effect size of −0.01, which equals 1/2 of feed price (0.02), 1/5 of chick price (0.05), 1/12 of live chicken price (0.12), 1/3 of pork price (0.03) and 1/2 of poultry output (−0.02)), also consistent with that of Table 5 . This lends further support to theoretical hypotheses H1-H2.
Second, in columns (4) and (8) of Table 8 , squared public opinion is also significantly negative, indicating that the spillover of public opinion to broiler price is inverse U-shaped, consistent with that of Table 5 ; and the turning point values for lnbaidu in Table 8 (e.g., −1.61 in column (4)) are similar to that of Table 5 (−1.57 in column (8)). It implies that when public opinion is weaker than the turning point (e.g., −1.61 in column (4)), the marginal effect of public opinion on broiler price is positive and decreasing; and when public opinion is stronger than the turning point (e.g., −1.61 in column (4)), the marginal effect is negative and increasing. This lends further support to theoretical hypothesis H3.
Third, in columns (4) and (8) of Table 8 , the mean lnbaidu (0.00) and median lnbaidu (0.00) are both on the right-hand side of the turning point of the inverse U-shape (e.g., −1.61 in column (4)), consistent with that of Table 5 , combined with the fact that public opinion is significantly negative in columns (3)- (4) and (7)- (8) . This lends further support to theoretical hypothesis H2 that, on average, public opinion on avian influenza has a negative spillover to broiler price, which is a special case of theoretical hypothesis H3 when public opinion is on average.
Fourth, in columns (4) and (8) of Table 8 , it is worth noting that although squared public opinion is statistically significant, squared public opinion is seemingly economically insignificant (e.g., −0.00 in column (4)). However, following LeSage and Pace [103] , Elhorst [104] and Shao and Su [105] , investigators should use the estimated direct effects of the independent variables to test the hypothesis as to whether or not local spillovers exist, rather than the coefficient estimates of the independent variables (β); investigators should use the estimated indirect effects of the independent variables to test the hypothesis as to whether or not spatial spillovers exist, rather than the coefficient estimate of spatially lagged dependent variable (ρ) and/or the coefficients estimates of spatially lagged independent variables (θ). We will discuss this below.
Fifth, in columns (3)- (4) and (7)- (8) of Table 8 , we test for the spatially lagged effects (ρ), temporally lagged effects (τ) and spatiotemporally lagged effects (ψ) of broiler price, respectively: (1) the spatial coefficients (ρ) are significantly positive (e.g., with effect size of 0.35 in column (4)), indicating positive spatial clustering of broiler price, which provides further support to the finding of Table 6 that the overall price risk of China's broiler market is positively spatially autocorrelated across regions; (2) the temporal coefficients (τ) are significantly positive (e.g., with effect size of 0.78 in column (4)), indicating positive temporal path dependence in broiler price; (3) the spatiotemporal coefficients (ψ) are significantly negative (e.g., with effect size of −0.38 in column (4)), indicating negative spatiotemporal spillover of neighbouring broiler price in the previous period to local broiler price in the current period.
Finally, in columns (3)- (4) and (7)- (8) of Table 8 , we compute long-run direct, long-run indirect (spatial spillover), short-run direct and short-run indirect (spatial spillover) marginal effects of public opinion on broiler price [94, 104] :
where I denotes the identity matrix, the superscript d denotes the operator that calculates the mean diagonal element of a matrix, and the superscript rsum denotes the operator that calculates the mean row sum of the non-diagonal elements. (i) Overall, direct and indirect (spatial spillover) effects of public opinion on broiler price that are statistically significant are all negative; and whether direct or indirect (spatial spillover), long-run effects are larger than short-run effects; (ii) On average, public opinion has a negative direct effect on local broiler price and an even larger negative indirect (spatial spillover) effect on nearby broiler price, which is three times as large as the direct effect (e.g., with long-run direct, long-run indirect (spatial spillover), short-run direct and short-run indirect (spatial spillover) effect sizes of −0.05, −0.15, −0.02 and −0.06, respectively, in column (3) of Table 8 ); (iii) In general, direct and indirect (spatial spillover) effects of squared public opinion on broiler price that are statistically significant are all negative, turning out to be inverse U-shaped; furthermore, it is worth noting that compared with the coefficient estimate of squared public opinion (β 2 ) which is economically insignificant (e.g., −0.00 in column (4)), the estimated direct and indirect (spatial spillover) effects of squared public opinion that are statistically significant are more economically significant (e.g., with long-run direct, long-run indirect (spatial spillover), short-run direct and short-run indirect (spatial spillover) effect sizes of −0.02, −0.04, −0.01 and −0.02, respectively, in column (4)), indicating that the inverse U-shape is not spurious. This lends support to theoretical hypotheses H4-H5. Collectively, we draw our main conclusions from this section. (i) Overall, whether direct or indirect (spatial spillover), long-run effects of public opinion on broiler price are larger than short-run effects; (ii) On average, public opinion on avian influenza has a negative direct effect on local broiler price and an even larger negative indirect (spatial spillover) effect on nearby broiler price, which is three times as large as the direct effect (e.g., with long-run direct, long-run indirect (spatial spillover), short-run direct and short-run indirect (spatial spillover) effect sizes of −0.05, −0.15, −0.02 and −0.06, respectively, in column (3) of Table 8 ), in accordance with theoretical hypothesis H4; (iii) In general, direct and indirect (spatial spillover) effects of public opinion on broiler price are all inverse U-shaped, in accordance with theoretical hypothesis H5.
Robustness Checks and Results
In this section, we perform robustness checks by using alternative spatial weighting matrix and alternative measurement of public opinion.
Robustness Checks on Alternative Spatial Weighting Matrix
We mainly use a squared inverse-distance spatial weighting matrix W(1) to characterize the spatial relationships between provinces and here we use queen contiguity spatial weighting matrix W(2) for robustness (Table 9 ). Table 9 consists of four panels: (i) Panel A of Table 9 presents regression coefficients of spatial models (β 1 -β 11 ); (ii) Panel B of Table 9 presents spatial coefficients of spatial models (ρ and λ), temporal coefficients of spatial models (τ) and spatiotemporal coefficients of spatial models (ψ); (iii) Panel C of Table 9 presents direct and indirect marginal effects, including long-run direct effects, long-run spatial spillover effects, short-run direct effects and short-run spatial spillover effects of public opinion (lnbaidu) and squared public opinion (lnbaidu2) on broiler price (lnbroiler), respectively; and (iv) Panel D of Table 9 presents specification tests, including R 2 , log likelihood, AIC, BIC, p-value of Hausman test (Hausman_p) and p-value of Wald test (testSAR_p). We estimate spatial models, including SDM in Equation (8) , dynamic SDM in Equation (9) , SAR in Equation (10), dynamic SAR in Equation (11) and SAC in Equation (12) , respectively, using alternative spatial weighting matrix. Again, following the spatial model selection strategy described in Elhorst [93] and Belotti, Hughes and Mortari [94] , dynamic FE SDM (columns (3)-(4) of Table 9 ) still fits first-best and dynamic FE SAR (columns (7)- (8) of Table 9 ) still fits second-best, which coincides with that of Table 8 . Therefore, we focus on describing estimation results for dynamic FE SDM and dynamic FE SAR and in which the estimates in columns (3)-(4) are the main concern. Notes. This table reports robustness checks on alternative spatial weighting matrix. Panel A presents regression coefficients of spatial models (β 1 -β 11 ); Panel B presents spatial coefficients of spatial models (ρ and λ), temporal coefficients of spatial models (τ) and spatiotemporal coefficients of spatial models (ψ); Panel C presents direct and indirect marginal effects; and Panel D presents specification tests. LR_Direct, LR_Indirect, SR_Direct and SR_Indirect are long-run direct effects, long-run spatial spillover effects, short-run direct effects and short-run spatial spillover effects, respectively. Spatially lagged independent variables of interest (θ 1 -θ 4 ) are included but not reported for reasons of space. Hausman_p and testSAR_p are p-value of Hausman test and p-value of Wald test, respectively. province_FE, month_trend and cluster_robust indicate the inclusion of province fixed-effects, month trend and cluster-robust standard errors, respectively. turning_lnbaidu is the turning point value for public opinion. Heteroskedasticity-robust standard errors clustered at the province-level are in parentheses. * p < 0.10, ** p < 0.05, *** p < 0.01. We use queen contiguity spatial weighting matrix W(2). Source: the data are collected by the authors and the results are implemented in Stata/MP 15.1.
First, in columns (3)- (4) and (7)- (8) of Table 9 , neither poultry infection nor human infection with avian influenza has a significant spillover to broiler price; in columns (3) and (7), public opinion has a negative spillover to broiler price; both of which are consistent with that of Tables 5 and 8 .
Second, in columns (4) and (8), the spillover of public opinion to broiler price is inverse U-shaped, consistent with that of Tables 5 and 8 ; and the turning point values for lnbaidu in columns (4) and (8) of Table 9 are similar to that of Tables 5 and 8 .
Third, in columns (3)- (4) and (7)- (8), the sign, statistical and economic significance of spatially lagged effect (ρ), temporally lagged effect (τ) and spatiotemporally lagged effect (ψ) are consistent with that of Table 8 .
Finally, in columns (3)- (4) and (7)- (8), taken together, roughly, whether in the short-run or long-run, the direct effects and spatial spillover effects of public opinion to broiler price, on average, are negative (columns (3) and (7)); while the direct effects and spatial spillover effects, in general, are inverse U-shaped (columns (4) and (8)); all of which are consistent with that of Table 8 .
Therefore, our spatial estimates in Table 8 are robust to alternative spatial weighting matrix.
Robustness Checks on Alternative Measurement of Public Opinion
We mainly use Baidu search volume to measure public opinion and here we use Google search volume for robustness (Table 10) . Table 10 consists of four panels: (i) Panel A of Table 10 presents regression coefficients of spatial models (β 1 -β 11 ); (ii) Panel B of Table 10 presents spatial coefficients of spatial models (ρ and λ), temporal coefficients of spatial models (τ) and spatiotemporal coefficients of spatial models (ψ); (iii) Panel C of Table 10 presents direct and indirect marginal effects, including long-run direct effects, long-run spatial spillover effects, short-run direct effects and short-run spatial spillover effects of Google opinion (lngoogle) and squared Google opinion (lngoogle2) on broiler price (lnbroiler), respectively; and (iv) Panel D of Table 10 presents specification tests, including R 2 , log likelihood, AIC, BIC, p-value of Hausman test (Hausman_p) and p-value of Wald test (testSAR_p). We estimate spatial models, including SDM in Equation (8) , dynamic SDM in Equation (9), SAR in Equation (10) , dynamic SAR in Equation (11) and SAC in Equation (12), respectively, using alternative measurement of public opinion. Once again, following the spatial model selection strategy described in Elhorst [93] and Belotti, Hughes and Mortari [94] , dynamic FE SDM (columns (3)- (4) of Table 10 ) still fits first-best and dynamic FE SAR (columns (7)- (8) of Table 10 ) still fits second-best, which coincides with that of Table 8 . Therefore, we focus on describing estimation results for dynamic FE SDM and dynamic FE SAR and in which the estimates in columns (3)- (4) are the main concern. First, in columns (3)- (4) and (7)- (8) of Table 10 , neither poultry infection nor human infection with avian influenza has a significant spillover to broiler price, consistent with that of Tables 5 and 8 ; although in column (3) the spillover of public opinion to broiler price is insignificant, in column (7) public opinion does have a negative spillover to broiler price, roughly consistent with that of Table 8 .
Second, in columns (4) and (8), the spillover of public opinion to broiler price is inverse U-shaped, consistently with that of Tables 5 and 8 .
Third, in columns (3)-(4) and (7)-(8), the sign, statistical and economic significance of spatially lagged effect (ρ), temporally lagged effect (τ) and spatiotemporally lagged effect (ψ) are consistent with that of Table 8 .
Finally, in columns (3)-(4) and (7)- (8), taken together, roughly, whether in the short-run or long-run, the direct effects and spatial spillover effects of public opinion to broiler price, on average, are negative (columns (3) and (7)); while the direct effects and spatial spillover effects, in general, are inverse U-shaped (columns (4) and (8)); all of which are consistent with that of Table 8 .
Therefore, our spatial estimates in Table 8 are robust to alternative measurement of public opinion.
Discussion
In this section, we provide discussion on our results and findings from the perspective of previous studies and our theoretical hypotheses.
Avian Influenza Outbreak, Public Opinion, and Broiler Price Risk Spillover: Hypotheses H1-H2
From Tables 5 and 8 we find that, neither poultry infection nor human infection with avian influenza outbreak has a significant spillover to broiler price; public opinion on avian influenza has a negative spillover to broiler price and the effect size of public opinion on broiler price (−0.04) is 1/4 of the effect size of poultry meat consumption in cities and towns (0.16), 1/5 of chick price (0.21), 1/10 of live chicken price (0.38) and 1/3 of pork price (0.14) (column (7) of Table 5 ). Our findings are in accordance with theoretical hypotheses H1-H2.
Our finding that neither poultry infection nor human infection with avian influenza outbreak has a significant spillover to broiler price is consistent with very few papers such as Han and Xu [99] , finding that avian influenza epidemic has no significant impact on broiler price using annual panel data, whereas we differentiate between poultry infection and human infection using long monthly panel data which captures spillover effects much more accurately; however, our finding appears inconsistent with most previous studies that avian influenza epidemic has a significant impact on broiler price [11, 12, [106] [107] [108] . The seemingly inconsistency could be because most previous literature treat avian influenza epidemic as a whole; whereas we decompose avian influenza epidemic into two components: avian influenza outbreak (incident component) and public opinion on avian influenza (information and communication component), to capture the mechanism of avian influenza outbreak, public opinion, and broiler price risk spillover. We find that it is public opinion on avian influenza, not avian influenza outbreak, that directly causes broiler price risk. In this sense, our findings are roughly consistent with the previous literature.
Our finding that public opinion has a spillover to broiler price, is roughly in line with Bing, Chan and Ou [109] that stock price can be predicted based on analysing public opinion as reflected in Twitter data, Zhang and Qi [110] that during corporate crisis public opinion has a negative impact on the stock price of the corporate, Pagolu et al. [111] that a strong correlation exists between the rise and falls in stock prices with the public opinion in tweets and Yu, Wang and Zhang [112] that public opinion has a significant impact on stock price in the short-run, all of which focus on impact of public opinion on stock price in financial economics; whereas we focus on spillover of public opinion to broiler price in agricultural economics.
Further, our finding that public opinion on avian influenza has a negative spillover to broiler price, is consistent with Hassouneh et al. [12] that avian influenza epidemic has a different impact between marketing margins and wholesaler margins on vertical price transmission in the Egyptian poultry sector using avian influenza food scare information index to reflect consumer awareness of the crisis, Mutlu, Serra and Gil [19] that avian influenza epidemic has a different impact between producer and retail levels on vertical price transmission in the Turkish poultry market using avian influenza information index variable to determine regime-switching and Zheng and Ma [20] that avian influenza epidemic has a dynamic negative impact on China broiler price using Baidu index to reflect variance and intensity of the epidemic, all of which use time-series index to represent the magnitude of the influence of an avian influenza epidemic with time series data; whereas we use provincial Baidu search volume to measure public opinion on avian influenza with panel data which can reduce the omitted variable bias, distinguish between avian influenza outbreak (incident component) and public opinion on avian influenza (information and communication component) and compare their impacts on broiler price.
When avian influenza epidemic outbreaks, poultry infection, poultry death, poultry destroying and circulation control result in broiler supply reduction. For broiler demand, we consider two cases: (i) if avian influenza outbreak is not intensively covered by news and social media, after being initially released during first-step flow [47] , it may not attract sufficient public attention [35] and limited public attention [49] may lead to public underreaction [113] , resulting in limited broiler demand reduction; limited broiler demand reduction offsets broiler supply reduction, therefore, avian influenza outbreak has no significant spillover to broiler price, lending support to theoretical hypothesis H1.
(ii) If avian influenza outbreak is intensively covered by news and social media, who act as opinion leader [50] and spreads avian influenza information during second-step flow [52] , massive public opinion may attract excessive public attention and clustered public behavioural bias [53] may lead to public overreaction [54] , resulting in excessive broiler demand reduction; excessive broiler demand reduction exceeds broiler supply reduction, therefore, on average, public opinion on avian influenza has a negative spillover to broiler price, lending support to theoretical hypothesis H2.
Nonlinear Spillover of Public Opinion to Broiler Price Risk: Hypothesis H3
From Tables 5 and 8 we also see that there is an inverse U-shaped relationship between broiler price and public opinion; mean public opinion (0.00) and median public opinion (0.00) are both on the right-hand side of the turning point (−1.57) of the inverse U-shape (column (8) of Table 5 ); therefore, on average, public opinion exerts negative price pressure on broiler market and the marginal effect increases; but when public opinion is weaker than the turning point, it increases broiler price instead and the marginal effect decreases. Our findings are in accordance with theoretical hypothesis H3.
Our finding, that public opinion on avian influenza has a nonlinear spillover to broiler price, appears roughly consistent with Hassouneh et al. [12] that avian influenza epidemic has a nonlinear impact on price transmission along the Egyptian poultry marketing chain and Mutlu, Serra and Gil [19] that avian influenza epidemic has a nonlinear impact on price transmission at producer and retail levels, both of which develop and use avian influenza food scare information index to reflect consumer awareness of the crisis; whereas we decompose avian influenza epidemic into avian influenza outbreak and public opinion and argue that it is actually public opinion on avian influenza that has a nonlinear inverse U-shaped relationship with broiler price.
Our finding is also consistent with Bollen, Mao and Zeng [114] that measurements of collective mood states derived from large-scale Twitter feeds are correlated nonlinearly to the value of the Dow Jones Industrial Average (DJIA) over time, implying that public opinion has a nonlinear impact on stock price transmission using time-series data; whereas we analyse nonlinear spillover of public opinion to broiler price using long provincial panel data.
Moreover, prior studies focus mainly on the nonlinear price transmission using time-series data, where they explore the nonlinear relationship between price and time, that is, the nonlinear marginal effect of time on price [12, 19, 114] ; however, our study focuses mainly on the nonlinear price risk spillover using long provincial panel data, where we explore the nonlinear relationship between price and public opinion, that is, the nonlinear marginal effect of public opinion on price.
As we use the dressed broiler price to measure broiler price (see Table 1 ), for the consumption combination of live chicken and dressed broiler, we assume that consumers' preferences [115] for live chicken and dressed broiler can be substituted for each other. When avian influenza epidemic outbreaks, we consider two cases: (i) if public opinion [51] on avian influenza is not that strong (i.e., weaker than the turning point); consumers reduce consumption demand for live chicken due to high risk perception [116] that live chicken consumption may cause infection with avian influenza; meanwhile, to maintain the same utility level, consumers increase consumption demand for dressed broiler due to low risk perception that dressed boiler may be safer to consume than live chicken, leading to an increase of dressed broiler price; with the gradual increase of public opinion, consumers' risk perception of dressed broiler increases; although consumption demand for dressed broiler still increases, its growth rate decreases, which results in an increasing but marginal decreasing broiler price; (ii) If public opinion on avian influenza is strong (i.e., stronger than the turning point), second-step flow [52] of public opinion causes high pubic attention, high public attention arouses public overreaction, public overreaction brings about higher public attention and higher public attention gives rise to stronger public overreaction along with herd behaviour [117] , leading to positive feedback of increasingly negative pressure of public opinion on dressed broiler price, which results in an decreasing but marginal increasing broiler price. This lends support to theoretical hypothesis H3.
Nonlinear Spatial Spillover of Public Opinion to Broiler Price Risk: Hypotheses H4-H5
From Table 8 we further find that, overall, whether direct or indirect (spatial spillover), long-run effects of public opinion on broiler price are larger than short-run effects; on average, public opinion on avian influenza has a negative direct effect on local broiler price and an even larger negative indirect (spatial spillover) effect on nearby broiler price, which is three times as large as the direct effect (e.g., with long-run direct, long-run indirect (spatial spillover), short-run direct and short-run indirect (spatial spillover) effect sizes of −0.05, −0.15, −0.02 and −0.06, respectively, in column (3) of Table 8) ; while in general, direct and indirect (spatial spillover) effects of public opinion on broiler price are all inverse U-shaped. Our findings are in accordance with theoretical hypotheses H4-H5.
Our finding that public opinion on avian influenza has a spatial spillover to broiler price, is roughly in line with You and Diao [33] that the negative impact of an avian influenza epidemic on poultry production is unevenly distributed in Nigeria and Djunaidi and Djunaidi [32] that avian influenza epidemic in the United States, Economic Union and Brazil have a greater impact on world poultry export prices than other countries, both of which show preliminary spatial heterogeneity of the impact of an avian influenza epidemic on poultry production and price; whereas we focus on spatial dependence and explore spatial spillover of public opinion on avian influenza to broiler price.
Given that media coverage [118] and public opinion [51] spread across provinces widely and rapidly, when avian influenza epidemic outbreaks, the epidemic is initially released by authorities during first-step flow [47] , during which the epidemic attracts only limited public attention [49] ; after being covered by news and social media during second-step flow [52] , public opinion on avian influenza attracts excessive public attention [35] locally and nearby, which causes public behavioural bias [53] , leading to widespread public overreaction [54] , resulting in negative direct pressure on local broiler price and greater negative spatial spillover to nearby broiler price due to rapid spread and agglomeration of public opinion on avian influenza across provinces, both of which are marginal increasing, namely, inverse U-shaped in general. Overall, whether direct effects or spatial spillover effects, long-run effects are greater than short-run effects, reflecting that public opinion on avian influenza has a sustained negative spillover effect and an increasing marginal effect on broiler price in local and nearby provinces, where the negative pressure on broiler price aggravates over time. This lends support to theoretical hypotheses H4-H5.
Conclusions and Implications
Conclusions
In the age of big data, epidemic animal disease poses a real threat to the sustainability of livestock markets worldwide and the threat could be exacerbated with increased intensity of public opinion, which may even exceed the direct impact of the outbreak itself; furthermore, the exacerbated threat associated with public opinion on the epidemic might spill over to neighbouring markets, resulting in global livestock market risk.
In this article, we set out to identify the price risk spillover of avian influenza to broiler market, from the perspective of public opinion, in measurement, theoretically and empirically, using big data techniques. Our article contributes to the literatures on the risk spillover of animal disease to global livestock and poultry market in several ways.
First, in measurement, unlike most of the existing literature, where avian influenza epidemic is measured as a whole, we decompose avian influenza epidemic into two components: avian influenza outbreak (incident component) and public opinion on avian influenza (information and communication component); by further decomposing avian influenza outbreak into poultry infection with avian influenza outbreak and human infection with avian influenza outbreak, we measure poultry infection with avian influenza outbreak (incident component) with hand-collected data from Official Veterinary Bulletin, measure human infection with avian influenza outbreak (incident component) with hand-collected data from Disease Surveillance and measure public opinion on avian influenza (information and communication component) with hand-collected data from Baidu Search and Google Search. In the era of big data, the impact of public opinion on market price risk cannot be neglected and measuring public opinion using search volume techniques facilitates the analysis in a global context. Second, theoretically, following Hong and Stein [30] and Li et al. [31] , we introduce the theory of limited attention and two-step flow of communication and develop a new analytical framework to capture the causal mechanism of avian influenza outbreak, public opinion, and broiler price risk spillover; we show that it is actually public opinion on avian influenza, not avian influenza outbreak itself, that directly causes broiler price risk; therefore, it is important to distinguish between these two components because they differ in terms of their spillovers to broiler price risk. Our new analytical framework extends the existing framework to allow for heterogeneous impacts on global livestock market between outbreak itself and public opinion.
Finally, empirically, using a long panel data set covering 30 China's provinces spanning November 2004-November 2017, we identify the causal mechanism of avian influenza outbreak, public opinion, and broiler price risk spillover, and further analyse the nonlinear spatial spillover of public opinion on avian influenza to broiler price risk. The spatial estimates are robust to alternative spatial weighting matrix and alternative measurement of public opinion. Our empirical approach could potentially be applied to global research on livestock market risk caused by epidemic animal disease.
Collectively, our research highlights the importance of studying information and communication, particularly the role of public opinion in amplifying price risk during second-step flow of communication, when analysing the impact of avian influenza on global broiler market.
Specifically, we document four stylized facts.
(i) Neither poultry infection nor human infection with avian influenza outbreak has a significant spillover to broiler price; public opinion on avian influenza has a negative spillover to broiler price and the effect size of public opinion on broiler price is 1/4 of the effect size of poultry meat consumption in cities and towns 1/5 of chick price 1/10 of live chicken price and 1/3 of pork price. Our finding speaks to the large empirical literature on the impact of avian influenza on the poultry market [11, 12, [106] [107] [108] ; however, this literature highlights that public opinion on avian influenza plays a key role in amplifying price risk during second-step flow of communication, whereas avian influenza outbreak alone does not directly cause poultry price risk, suggesting that information and communication should not be overlooked when identifying the effect of epidemic animal disease on macroeconomic outcomes. Moreover, our finding offers a fresh perspective on global livestock market risk right after substantial media coverage.
(ii) There is an inverse U-shaped relationship between broiler price and public opinion; mean and median public opinion are both on the right-hand side of the turning point of the inverse U-shape; therefore, on average, public opinion exerts negative price pressure on broiler market and the marginal effect increases; but when public opinion is weaker than the turning point, it increases broiler price instead and the marginal effect decreases. Our finding contributes to prior work on nonlinear impact of avian influenza on poultry price transmission using time-series data [12, 19] , by examining nonlinear spillover of public opinion on avian influenza to broiler price risk using long provincial panel data, suggesting a strong inverse U-shaped pattern. Furthermore, our finding provides new insights into the aggravating price pressure on global livestock market along with increased public opinion on food safety.
(iii) The spatial coefficients of broiler price are significantly positive, indicating positive spatial clustering of broiler price, implying that the overall price risk of broiler market is positively spatially autocorrelated across regions; the temporal coefficients of broiler price are significantly positive, indicating positive temporal path dependence in broiler price; the spatiotemporal coefficients of broiler price are significantly negative, indicating negative spatiotemporal spillover of neighbouring broiler price in the previous period to local broiler price in the current period. Our finding complements the recent work by Han and Xu [99] who also found a positive spatial autocorrelation in broiler price using yearly static spatial panel; whereas our work further explores the positive temporal and negative spatiotemporal lagged effects of broiler price risk using monthly dynamic spatial panel. Besides, our finding can be extrapolated to global contexts, for interpreting spatial and temporal autocorrelation in worldwide livestock market risk.
(iv) Overall, whether direct or spatial spillover, long-run effects of public opinion on broiler price are larger than short-run effects; on average, public opinion on avian influenza has a negative direct effect on local broiler price and an even larger negative spatial spillover effect on nearby broiler price, which is three times as large as the direct effect; while in general, direct and spatial spillover effects of public opinion on broiler price are all inverse U-shaped. Our finding adds to an existing literature documenting preliminary spatial heterogeneity in impact of avian influenza to poultry market [29, 32, 33] , by further identifying the short-run and long-run direct effects and spatial spillover effects of public opinion on avian influenza on broiler price risk, suggesting that public opinion on avian influenza poses an even larger negative price pressure on nearby poultry market compared to local market and the price pressure of both local and nearby markets aggravates along with increased public opinion. In addition, our finding implies that incident such as epidemic animal disease not only impacts local livestock market but may also threaten global market via the spatial spillover effects of public opinion and the neighbouring market might bear even larger price risk than the local market.
Implications
Our article produces some main implications for a global context, theoretically and practically. First, theoretically, our article provides new insights into the mechanism of price risk spillover of animal disease to global livestock and poultry market, by highlighting the importance of studying public opinion in amplifying price risk during second-step flow of communication.
Second, practically, in a global perspective, our article might further indicate that: (i) facing global epidemic animal disease, official media should shoulder the responsibility of being the "opinion leader", leading public opinion on global epidemic animal disease to behave more rationally, so as to mitigate the negative spillover of public opinion to livestock and poultry price; (ii) authorities should closely monitor public opinion on global epidemic animal disease when it is approaching or exceeding the "turning point", in case of the increasing negative marginal effect of public opinion on livestock and poultry price on the right-hand side of the inverse U-shape; (iii) agricultural insurance companies may design targeted livestock and poultry price insurance products, by accounting for public opinion on epidemic animal disease in neighbouring areas or countries and thus, by forecasting local price risk, given the "spatial spillover" of public opinion to livestock and poultry price globally.
Future Research
There are several promising directions for future research:
(i) We include squared public opinion to capture the inverse U-shaped relationship between broiler price and public opinion and future work might extend the quadratic function to unconditional quantile regression (UQR) [119] or panel threshold model [120] to further explore possible nonlinearities in the relationship.
(ii) We analyse the spatial spillover of public opinion on avian influenza to broiler price and future work may further explore the regional damping boundary of the spatial spillover effects of public opinion on broiler price, following Shao and Su [105] .
(iii) We model the spatial spillover of public opinion to broiler price using SDM, dynamic SDM, SAR, dynamic SAR and SAC and future work could further model spatial heterogeneity using geographically weighted regression (GWR) [121] or other approaches.
(iv) We develop our analytical framework by introducing the theory of limited attention [35] and two-step flow of communication [36] and design the research using big data techniques [69] [70] [71] [72] , both from a global perspective; whereas we conduct our baseline and spatial analysis based on evidence from China's interprovincial broiler markets and future work can move to global evidence, by further testing for the potential spatial spillover effects of public opinion on cross-border livestock and poultry markets. Funding: This research is funded by the National Natural Science Foundation of China (grant numbers 71773033, 71173086) and the APC is funded by the Innovation Fund from Huazhong Agricultural University (grant number 2662016PY080).
